02-+ Fe+++
radical activity to 02-detected in human neutrophds stimulated has been proposed as an iron source for the catalysis of the to a variety of agonists reaction in the neutrophil respiratory burst (2) . In order to further define the role of lactoferrin in the production Speculation of OH. in a Haber-Weiss reaction, we have studied ethylene generation by a lactoferrin-deficient cell line. HL-60 promyeloThe ethylene assay for oxidizing radical activity may detect cytic leukemia cells differentiate in vitro in response to polar different classes of oxidizing species capable of reacting with the solvents and other inducing agents (7) to produce mature neutroaldehyde substrate. The complexity of defining the oxygen-derived phils capable of a respiratory burst, ingestion, chemotaxis, and radicals of the ethylene assay suggests methodologic difficulties of bacterial killing (8, 18, 12) . These cells contain no detectable either quantitating or precisely defining the radicals generated in lactoferrin by immunodiffusion (18) or radioimmunoassay (12) the respiratory burst by this method.
and, in fact, lack another secondary granule marker, vitamin BIZ binding protein, and morphologically recognizable secondary granules altogether (12) . Thus, the ability of differentiated HL-60 The generation of oxygen-derived free radicals by the human cells to generate ethylene from KMB indicates a lactoferrin-indeneutrophil respiratory burst is critical for normal microbicidal pendent pathway for the production of this oxidizing radical processes (4) . Superoxide (02-), the one electron reduction prod-pathway. uct of molecular oxygen is generated by a flavoenzyme, activated Ethylene generation also occurs upon stimulation of normal by phagocytic or soluble stimuli (16) . 0 2 -in turn dismutates neutrophils by latex particles, which differ from other commonly spontaneously or catalyticauy with superoxide dismutase (SOD) employed stimuli in the ratios of reduced oxygen metabolites to form H202. In the presence of myeloperoxidase and halide generated. H202 appears to be a primary precursor for OH--like anion, Hz02 forms an effective microbicidal system (4). Hydroxyl oxidizing radicals in cells stimulated by latex but not in those radical (OH.), another free radical produced in the respiratory stimulated by opsonized zymosan (OZ) or phorbol myristate burst (281, also appears to be a Potent bactericidal species (14) . acetate (PMA). This unique dependence on H202 in latex-stimuThe pathways by which OH. is formed in the human neutrophil lated cells, suggests either a different source or pathway for the are as yet unresolved.
generation of radical species with the same reactivity of OH.. The Our initial demonstration of the production of oxygen-derived complexity of defining the oxygen-derived radicals of the ethylene species with OH. reactivity by stimulated intact human neutro-assay suggests methodologic difficulties of either quantitating or phils (26) and particulate preparations (29) utilized an indirect precisely defining the radicals generated in the respiratory burst assay system in which the oxidation of either methional or 4-by this method. ketomethiobutyric acid (KMB) to form ethylene is quantitated by gas chromatography. Oz-appeared to be the precursor for the MATERIALS AND METHODS formation of ethylene, whereas Hz02 played only a minor direct role. We postulated that 0 2 -reacts with organic hydroperoxides Catalase (Sigma C-40, thymol-free), N-ethyl maleimide, KMB, to form a variety of oxidizing radicals in addition to OH., all of zymosan, and cytochrome c Type VI were obtained from Sigma which would be detected in the assay as they react with methional Chemical Co., St. Louis, MO. SOD was purchased from Truett or KMB to form ethylene. Using electron spin resonance spec-Laboratories, Dallas, TX, and from Sigma; Hanks' balanced salt troscopy, OH. spin trap signals have been detected with stimu-solution (HBSS) without phenol red, from GIABCO, Grand
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Island, NY; phorbol myristate acetate, from Consolidated Midland Chemicals, Brewster, NY, L-tryptophan, Calbiochem, Los Angeles, CA, and dimethylformamide and dimethyl-sufoxide from Fisher Scientific Co., Pittsburgh, PA. Polystyrene/toluene latex particles (2.77 p) were purchased from Dow Chemical Corp., Midland, MI. These and all other reagents were the best grade comrnerically available and were used without further purification. PMA was prepared as a 0.2 mg/ml stock solution in dimethylsulfoxide and stored at -20°C in the dark. Fresh aqueous solutions in HBSS or phosphate-buffered saline (PBS), pH 7.4, were prepared daily. Stock solutions of KMB (0.1 M) were prepared daily and stored at O°C until use. Water for all solutions was distilled and deionized in a Bornstead demineralizer column (Fisher Scientific Co.) PBS and HBSS contained less than 0.5 pg/ml iron by atomic absorption spectroscopy.
Preparation of cells and phagocytosable particles. HL-60 cells (generously provided by R.C. Gallo) were grown as previously described (1 8) in RPMI-1640 medium (M.A. Bioproducts, Walkersville, MD) plus 10% fetal bovine serum (M.A. Bioproducts), with or without exposure to 60 pM dimethylformamide for the designated number of days. Purified neutrophils were harvested as previously described (16) by sedimentation in Dextran T-500 and centrifugation through Ficoll-Paque (both from Pharmacia Fine Chemicals, Piscataway, NJ). Zymosan was opsonized in autologous serum as previously described (2) and then suspended at a concentration of 60 mg/ml (4.6 x lo9 particles/ml). Latex particles were dialyzed 3 times against 1 liter 0.9% NaCl at 4°C for 48 h, and then stored at a concentration of 3 X lo9 particles/ ml in 0.9% NaC1.
Ethyleneproduction. Ethylene production by cells was measured by gas chromatography using a modification of the method of Beauchamp and Fridovich (5) as previously described (24) . Incubations were conducted in 3.5-ml siliconized tubes. KMB (2.5 mM), 5 x lo6 cells, and SOD, catalase, or other scavengers as indicated were pre-incubated for 3 min at 37°C in a shakin 4 incubator. PMA (80 ng), OZ (1.5 X 10' particles), or latex (10 particles) were then added to a final reaction volume of 1.0 ml. (Preliminary experiments established these concentrations for maximal ethylene production). The tubes were stopped with serum ports sealed with silcone grease, and the incubations were continued for the time intervals noted, after which the reactions were terminated by placing the tubes in melting ice. Using a Hamilton gas-tight syringe, 0.25-ml samples of the gas overlying the reaction mixtures were withdrawn and subjected to gas chromatography at a temperature of 100°C on Chromosorb 102 packed in a 6 feet long x ?4 inch diameter glass column, using N2 at 40 psi as the carrier gas (Perkin Elmer, Nonvalk, CT, 3920 gas chromatograph with flame ionization detector). Ethylene in Nz (109 ppm) (Supelco, Inc., Bellefonte, PA) was used for daily calibration to quantitate sample ethylene concentration, as previously described
Cytochrome c reduction. We adapted the method of Babior et al. (3) for discontinuous measurement of 02--dependent cytochrome c reduction. Reaction mixtures contained cells (5 x lo6), ferricytochrome c (100 pmoles), and PMA (80 ng) in 10 ml PBS with glucose (5 mM) at 37OC in plastic tubes, and incubated in a shaker-water bath at 37OC. At the designated times after addition of PMA, the tubes were vortex mixed and 0.9-ml samples removed into cold 0.1 M N-ethyl malemide. Samples were centrifuged 1 min at 15,000 x g i n an Eppendorf microfuge and the supernatant fraction read in a Perkin-Elmer model 552 spectrophotometer. 02--dependent cytochrome c reduction was calculated from the difference in A550 between triplicate tubes with and without SOD divided by the nanomolar extinction coefficient for the reduction of cytochrome c (he nM = 0.021). Rates of 02-generation were continuously measured as previously described (19) with the same reagents with or without designated scavengers in the sample and reference cuvettes of the spectrophotometer. Rates were calculated from the rate of change of the difference spectrum at 550 nm.
Hydrogen peroxide production. In parallel with cytochrome c reduction assays, we incubated identical reaction mixtures of cells and PMA in buffer without cytochrome c containing sodium azide (5 mM). At the indicated times, 0.9-ml samples were removed into 0.1 ml 10% trichloroacetic acid and assayed for peroxide by the ferrithiocyanate method (30) .
RESULTS
Ethylene generation by HL-60 cells. Differentiated HL-60 cells generated ethylene from KMB in response to PMA stimulation (Table I) , producing slightly over twice as much KMB-oxidizing radicals as control neutrophils. They reduced 47% as much cytochrome c as neutrophils over the same incubation period, confirming the previously described relative rates of PMA-stimulated Ozproduction by mature HL-60 cells and neutrophils (1 8); thus, the ratio of ethylene production to cytochrome c reduction was higher in HL-60 cells than in neutrophils (0.4% versus 0.1%, respectively). Similar results were obtained with OZ stimulation. As shown in Figure 1 , ethylene production by PMA-stimulated HL-60 cells ran parallel to cytochrome c reduction over 45 min after stimulation. Both processes demonstrated linearity with cell concentrations of 1-5 x lo6 cells/ml. At greater than 5 x lo6 cells/ml, neutrophils exhibited less ethylene production than that seen at 5 X 10%ells/ ml, a finding previously noted with methional as a substrate (3).
As HL-60 cells mature in culture with a polar solvent inducing agent, they progressively develop markedly increased capacities for phagocytic function (13) . As shown in Figure 2 , HL-60 cells cultured for 6 or 9 days in a medium containing 60 pM dimethylformamide produce six times as much ethylene as uninduced ("Day 0") cells. Cells in their third day of incubation show an intermediate level. This developmental pattern is identical to that previously reported for induction of 02-production in these cells (18) except that, as noted above, mature HL-60 cells surpass neutrophils in ethylene but not in 0 2 -generation. Uninduced HL-60 cells show a small but measurable respiratory burst in both assay systems.
The effects of scavengers of active oxygen metabolites appear in Table 2 . HL-60 cells and neutrophils exhibited similar patterns of inhibition of ethylene generation. Mannitol and tryptophan inhibited ethylene generation respective to their OH reactivity (9) . L-Histidine at concentrations of 0.1 mM, a scavenger of singlet oxygen (13), did not affect ethylene production. SOD dramatically reduced ethylene generation; its inhibitory activity was diminished but not eliminated by autoclaving. Catalase slightly inhibited ethylene generation by HL-60 cells but not by neutrophils. Albumin at the same protein concentration had no significant effect. Rates of cytochrome c reduction by HL-60 cells and neutrophils were unaffected by any of these scavengers except for SOD, which completely abolished detectable activity. Autoclaved SOD inhibited cytochrome c reduction by 12-15%.
Ethylene generation by neutrophils. Maximal stimulation by polystyrene latex particles, relative to 0 2 , generates much lower quantities of 02-, as detected in the extracellular cytochrome c assay. Whereas latex stimulated cells produced 6% of the detected 0 2 -of 02-stimulated cells, hexose monophosphate shunt activity and Hz02 generation are comparable (27, J.T. Curnutte and A.I. Tauber, unpublished data). Similar quantities of ethylene are generated by PMA, latex, and OZ-stimulated neutrophils (Tables  2 and 3) , over 30 min, but the profiles of scavenger inhibition are different. SOD efficiently inhibits ethylene production in all cases. Catalase was an effective inhibitor of ethylene generation in latexstimulated neutrophils but not in OZ-or PMA-stimulated cells. ' Value significantly different from control at P < 0.001 by paired t test.
Value significantly different from control at P < 0.02 by paired t test. ' Value significantly different from wntrol at P < 0.001 by paired t test.
Value significantly different from control at P < 0.02 by paired t test.
The stimulus dependence of the catalase effects indicates a primary difference in the role of Hz02 in the formation of oxidizing radicals with these stimuli.
DISCUSSION
The primary reaction of the respiratory burst of phagocytosis is the one-electron reduction of molecular oxygen to superoxide, 0 2 -(1, 3). 0 2 -in turn is metabolized to H202, O H ., and perhaps other oxidizing free radicals. A frequently-cited means for OH. formation is an iron-catalyzed Haber-Weiss reaction, for which lactoferrin has been proposed as a catalyst (2, 17) .
The efficient production of ethylene by mature HL-60 cells, in which lactoferrin is absent, indicates that lactoferrin is not essential for PMA-or OZ-stimulated oxidizing radical production. Ambruso and Johnston (2) have shown that lactoferrin is sufficient for the enhancement of O H --like reactivity by both whole neutrophils and cell-free 02--generating systems. The current findings indicate that cells such as HL-60-derived granulocytes possess effective alternative pathways for oxidizing radical production. Such pathways must also be present in mononuclear phogocytes, which do not contain lactoferrin but d o generate oxidizing radicals (23) .
Our studies comparing stimulation with PMA and O Z indicate that these pathways are diverse and stimulus-dependent. 02-is a precursor of ethylene production in the human neutrophil, as demonstrated by the efficient inhibition by SOD with all stimuli of the respiratory burst. The importance of H202, however, varies with the stimulus. In zymosan-and PMA-activated cells, the inhibition by catalase is relatively minor. Latex-stimulated cells (by a mechanism which is not understood), produce relatively little 02-as detected in the extracellular cytochrome c assay, but generate quantities of H202 comparable to zymosan-stimulated cells (27) . In this setting, catalase is almost as effective as SOD in inhibiting ethylene production; thus, in the latex-stimulated cells only, the extracellular inhibition by both SOD and catalase suggests that a Haber-Weiss reaction requiring both 0 2 -and H202 to generate OH. may account for part of the oxidation reaction. The Haber-Weiss mechanism depends on the demonstration of a role for 0 2 -and H202, e.g., inhibition by SOD and catalase, respectively. Although 02-production is relatively small compared to H202, there is still enough 02-produced to stoichrometrically account for the oxidizing radical detected in a reaction with excess HzO2. On the basis of a demonstrated catalytic catalase and SOD effect, and sufficient quantities of both Hz02 and 0 2 -produced, a Haber-Weiss mechanism is possible under these conditions. These stimulus-dependent differences in ethylene generation could result from differences in oxidase activation and function, the relative rates of formation and degradation of the various oxygen metabolites involved, or the nature of the oxidizing radical species reacting with the KMB substrate. As an example of the first mechanism, NADPH oxidase is activated from its resting state by particulate or soluble stimuli operating through different triggering mechanisms (20) that could affect the enzyme or its membrane milieu in ways analogous to different reaction conditions for xanthine oxidase that change its ratio of 0 2 -and Hz02 production (2 1).
Second, the detectable appearance of free radical oxygen metabolites depends not only on their rate of formation, but also on their rates of degradation, which could also be stimulus-dependent. For highly reactive species the relative balance may be delicate, particularly in the case of oxidizing radicals, which constitute less than 1% of the neutrophils' oxygen reduction products. Relative differences in ethylene generation and cytochrome c reduction have also been reported in neutrophils from human newborns and adults, which produce 0 2 -at equal rates but oxidizing radicals at lower rates in the newborns (1). In our studies, the linerity of ethylene production with neutrophil concentration fell off above 5 x lo6 cells/ml (26) , suggesting an increasing role of degradation or competition at high cell concentrations.
Cell components may not only compete with KMB for oxidizing radicals, but also, by reacting with the radicals, contribute to the number and variety of species released into the medium. The subsequent reaction between the new species and KMB constitutes the third mechanism for stimulus-dependence postulated above. Kellogg and Fridovich have shown that 0 2 -and H202 can initiate free radical chain reactions within cell membranes (15) . The extent of these reactions would depend upon membrane fatty acid saturation and concentrations of endogenous scavengers, differences which might account for our observed differences between HL-60 and normal neutrophil free radical production. These reactions could transform OH. into a variety of more complex organic free radicals, which may also react with KMB to release ethylene.
Although often cited as an assay for OH., ethylene release from KMB is probably not specific for that oxidizing radical alone. The generation of ethylene from methional as an assay for OH-was developed by Beauchamp and Fridovich, using xanthine plus xanthine oxidase as an enzymatic source of 0 2 -and Hz02 (5). KMB was substituted for methional in studies with human neutrophils to circumvent the problems of auto-oxidation of methional(3 l), but the complex and varied oxidizing species of biologic systems capable of oxidizing methional may well oxidize KMB (6, 22). Our previous studies in fact show similar reactivities of each substrate by the scavenger profile (17) , and therefore suggest that the problem of specificity is equally problematic for methional and KMB (32) . Oxidation of dimethylsulfoxide to form ethane has also been employed to detect OH- (23) , but the specificity of this assay is as yet unconfirmed.
Rosen and Klebanoff (24) have suggested that ethylene generation in this assay may be a peroxidase mediated reaction, and report that electron spin resonance spectroscopy may serve as a more reliable assay of OH ; however, the technical difficulties of spintrapping 0 2 -and OH-are well described, although 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) is the most commonly employed spin trap for OH. in biologic systems, extensive methodologic precautions are required in its use (11) . The 02-/HO2-adduct of DMPO is DMPO-OOH, which spontaneously decomposes into DMPO-OH and a nonradical species (10) . The use of spin traps other than DMPO in electron spin resonance assay of OH. production by human neutrophils may be desirable because of the instability of the DMPO-02-adduct, which is photolabile, oxygen sensitive, unstable at room temperature, and has a short half-life (25) .
These technical difficulties emphasize the limitation of assigning a specific chemical identity to oxidizing species in complex biologic systems employing either chemical or spin trap substrates. Our studies suggest that the production of ethylene from KMB represents a common end point for heterogeneous pathways of KMB oxidation. Determination of the component OH. represented in this reaction is still unresolved and awaits direct identification of the various species generated from 0 2 -.
